Classically, the functional product of coding genes is a protein whose synthesis is directed by an mRNAtemplate. However, in the last few years several genes yielding an mRNA-like non-coding RNA as a functional product have been identi®ed. In most cases these transcripts are synthesized by the RNA polymerase II, capped, spliced and polyadenylated, like classical mRNA. These latter have non-conserved open reading frames and seem to be untranslated. Consequently, it has been proposed and admitted that these genes act at the RNA level, and are so-called`riboregulators'. H19 belongs to this class of gene and its role remains a matter of debate: for some authors it is an oncogene, for others a tumour suppressor. Here, we demonstrate, using a proteomic approach, that an H19 overexpression in human cancerous mammary epithelial cells stably transfected with genomic DNA containing the entire H19 gene is responsible for positively regulating at the post-transcriptional level the thioredoxin, a key protein of the cellular redox metabolism. Interestingly, this protein accumulates in many cancerous tissues, such as breast carcinomas in which we have also demonstrated an overexpression of the H19 gene.
Classically, the functional product of coding genes is a protein whose synthesis is directed by an mRNAtemplate. However, in the last few years several genes yielding an mRNA-like non-coding RNA as a functional product have been identi®ed. In most cases these transcripts are synthesized by the RNA polymerase II, capped, spliced and polyadenylated, like classical mRNA. These latter have non-conserved open reading frames and seem to be untranslated. Consequently, it has been proposed and admitted that these genes act at the RNA level, and are so-called`riboregulators'. H19 belongs to this class of gene and its role remains a matter of debate: for some authors it is an oncogene, for others a tumour suppressor. Here, we demonstrate, using a proteomic approach, that an H19 overexpression in human cancerous mammary epithelial cells stably transfected with genomic DNA containing the entire H19 gene is responsible for positively regulating at the post-transcriptional level the thioredoxin, a key protein of the cellular redox metabolism. Interestingly, this protein accumulates in many cancerous tissues, such as breast carcinomas in which we have also demonstrated an overexpression of the H19 gene. Oncogene (2002) 21, 1625 ± 1631. DOI: 10.1038/sj/ onc/1205233 Keywords: H19 gene; non-coding RNA; riboregulator; proteomic; thioredoxin; oncogene The H19 gene is a paternally imprinted, maternally expressed gene (Bartolomei et al., 1991; Zhang and Tycko, 1992) . It is transcribed by RNA polymerase II and its transcript is spliced, polyadenylated and transported to the cytoplasm, but not translated (Brannan et al., 1990) . However, in transient transfections with dierent constructs, a 26 kDa H19 protein synthesized from the largest putative open reading frame (ORF) has been characterized after using extensive deletions and/or point mutations of the nucleotide sequence upstream of this ORF (Joubel et al., 1996) . Nevertheless, as the structure at the RNA level is evolutionary conserved and all the attempts to detect an H19 protein translated from the endogenous mRNA have failed, it has been proposed and admitted that the functional product of the H19 gene is a structured RNA acting as a riboregulator (Brannan et al., 1990; Juan et al., 2000) . H19 gene is abundantly expressed in both extraembryonic and fetal tissues and its transcripts accumulate in tissues of endodermal and mesodermal origin (Pachnis et al., 1988; Poirier et al., 1991; Rachmilewitz et al., 1992) . After birth the gene is repressed in almost all tissues, but its transcripts remain detectable in a few adult organs, in particular mammary gland (Adriaenssens et al., 1999) . Furthermore, H19 gene activation has been reported in various cancer tissues (Douc-Rasy et al., 1993; Dugimont et al., 1995; Elkin et al., 1995; Kondo et al., 1995; Ariel et al., 1997) . Elsewhere, Cathala's group showed that in myoblastic cells, stabilization of the H19 RNA is solely responsible for its accumulation during in vitro muscle cell dierentiation (Milligan et al., 2000) . Consequently, H19 expression is the result of a complex regulation at both the transcriptional and post-transcriptional levels. This statement should be considered when H19 gene overexpression is observed in tumours. To date, accumulating evidence suggest that H19 plays a role in oncogenesis, whereas other studies indicate that it possesses a tumour-suppressor activity. Collectively, these results indicate that the H19 gene function is yet a matter of debate. Most recently, it has been proposed that H19 participates in the repression of IGF-II, at least in part through eects on IGF-II transcription (Wilkin et al., 2000) , alternatively, Li et al. (1998) reported that the H19 RNA is associated with polysomes and may be an antagonist of IGF-II translation.
To test if the H19 transcript has a riboregulatory function, we investigated changes in protein synthesis in human cancerous mammary epithelial cells stably transfected with H19 gene using high-resolution two-dimensional electrophoresis (2DE). MDA-MB-231 cells were chosen because they exhibit a very low level of endogenous H19 mRNA, a level which is undetectable by Northern blot analysis (Figure 1 , lane MDA) but can be detected by the potent semiquantitative RT ± PCR technique (data not shown). This cell line was transfected with the pRC/CMV expression vector, in which 6 kbp of a genomic sequence of H19 was placed under the control of the cytomegalovirus promoter. This 6 kbp genomic sequence, previously used by Hao et al. (1993) , contains the entire H19 gene¯anked by 52 and 3140 bp of its 5' and 3' sequences, respectively. In this vector, the presence of the neomycin resistance gene allowed the outgrowth of stably-transfected clones by G418 selection. By Northern blotting, we observed in H19-transfectants (Figure 1 , lanes H19 S14 3 and H19 S14 4) a 2.3 kb band which was absent in both the parental cell line (Figure 1 , lane MDA) and the control vector-transfectants ( Figure 1 , lanes Neo 2 and Neo 3). This 2.3 kb transcript corresponds to the accurately transcribed and spliced H19 mRNA.
A proteomic approach was used to investigate if the overexpression of the H19 gene in the H19-transfected cells induced changes in protein synthesis. These variations in protein patterns were analysed by 2DE after incorporation of 35 S-labelled amino acids for 12 h, and for each cell type an equal quantity of c.p.m. was submitted to 2DE. A representative autoradiogram is shown in Figure 2a . About 1000 polypeptides were suciently intense and accurately de®ned to be analysed and localized in pI 4-8 and in a molecular mass range of 10 ± 150 kDa. Computer analysis using the Melanie II software package allowed both the detection and the quanti®cation of variations in spot intensity between MDA controls and H19-transfected cells. As shown in Figure 2 , one spot was found to be signi®cantly up-regulated in the H19-transfected cells (Figure 2c ,d) compared to MDA control cells ( Figure  2b ). After comparison with our breast epithelial cell protein database and with reference 2DE gels of the SWISS-2D-PAGE database we have estimated the pI of this protein at about 5 and its molecular mass (MM) at about 12 kDa.
In order to identify this protein, we performed a mass spectrometry analysis of the spot. The spot excised from 2D silver stained gel was submitted to trypsin digestion and the resulting peptides were analysed by MALDI-TOF and nanoelectrospray tandem mass spectrometry (MS-MS). MALDI-TOF mass spectrometry provided a mass ®ngerprint of the protein shown in Figure 2e whereas MS-MS was used to characterize a partial amino acid sequence of the selected peptides. One of the two MS-MS spectra obtained for the protein is shown in Figure 2f . All the collected data about the protein namely isoelectric point, molecular mass, mass ®ngerprint and sequence tags were compiled and used for database searching. More than 65% of the peptidic fragments measured by MALDI-TOF matched the theoretical fragments with a dierence between measured and calculated masses below 0.2 Da. The pI and the MM estimated are in agreement with the theoretical pI (4.82) and the theoretical average mass (11.6 kDa). The results of the database search, shown in Table 1 , allowed us to unequivocally identify the protein which is upregulated in H19-transfected cells as being the thioredoxin (Trx), one of the major proteins regulating the intracellular redox metabolism (Holmgren, 1985) .
The up-regulation of Trx in the H19-transfected cell lines was further con®rmed by Western blot using a polyclonal anti-thioredoxin antibody (Figure 3a) . The results established that the level of Trx is highly increased in the H19-transfected cells (Figure 3a , lanes H19 S14 3 and H19 S14 4) compared to the nontransfected (Figure 3a , lanes MDA) and the mocktransfected cells (Figure 3a , lanes Neo 2 and Neo 3).
The thioredoxin system is a general protein disulphide reducing system, which includes the NADPHdependent¯avoprotein thioredoxin reductase. Trx is activated in response to oxidative stress caused by UV or X-ray irradiation or in¯ammatory cytokines. Depending on its degree, the oxidative stress can cause either a positive cellular response such as proliferation, or a negative response such as apoptosis (Nakamura et al., 1997) . Following an oxidative stress, Trx scavenges damages caused by the reactive oxygen species (Spector et al., 1988; Bjornstedt et al., 1994) Northern blot analysis of RNA extracted from parental (MDA), control vector-transfected (Neo 2, Neo 3) and from H19-transfected cell lines (H19 S14 3, H19 S14 4). MDA-MB-231 breast cancer cells, originally obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA), were transfected with the pRC/CMV expression vector (Invitrogen) containing the H19 genomic sequence using ExGen 500 (Euromedex) according to the manufacturer's instructions. Transfected cells were selected by growing for 15 days in the presence of 1000 mg/ ml G418 sulphate (GIBCO ± BRL) and cell colonies were isolated by trypsinization onto small squares of sterile ®lter paper. For Northern blot analysis, total RNA was extracted using the RNeasy Mini Kit (QIAGEN SA). RNA (20 mg) was denaturated, electrophoresed through a 1.2% agarose gel containing formaldehyde, transferred and hybridized as previously described (Adriaenssens et al., 1999) The H19 gene up-regulates thioredoxin S Lottin et al S-labelled proteins (10 6 c.p.m.) were separated on 2D gels with the Investigator 2D Electrophoresis System TM (Millipore) as described (Vercoutter-Edouart et al., 2001b) . After electrophoresis, the gels were dried and exposed to autoradiography for 6 weeks. Molecular masses (in kilodaltons) and isoelectric point (pI) values are indicated. Details of 2D autoradiograms of (b) control cells, and of H19-transfected cells: (c) clone S14 3 and (d) clone S14 4. Arrow-heads indicate the position of the regulated spot. Both gels and autoradiograms were scanned (scanner SM3, Pharmacia) using the Diversity One program (Pharmacia) and analysed using MELANIE II program (Bio-Rad) on a SUN-SPARC station. Molecular masses and pI were determinated after comparison with our own reference gels and with reference gels in the SWISS-2D-PAGE (Expasy) database (http://expasy.ch/). The regulated spot was excised from the silver-stained 2D gels and subjected to in-gel trypsin digestion and desalting prior to mass spectrometry analysis. Peptide fragments were analysed by MALDI-TOF (e) and nanoelectrospray tandem (MS-MS) mass spectrometry analyses of peaks m/z 1337.61 (f) and 1166.46 (data not shown) were performed as described (Vercoutter-Edouart et al., 2001a) . T represents autolysis trypsin fragments. The sequence deduced from the MS-MS spectrum is indicated with the single letter code for the amino acids (f). Database searching performed using Peptident (http://www.expasy.ch/tools/peptident.html) allowed the identi®cation of thioredoxin, as reported in Table 1 1999). More particularly, it is well demonstrated that Trx increases transcription activity of NF-kB in enhancing its DNA binding in the nucleus . Consequently, to establish if the increase of Trx in H19-transfected cells is associated with an increase of its activity, we analysed NF-kB status in the control and H19-transfected cell lines. We performed transient transfections with a NF-kB-responsive vector containing the luciferase reporter gene under the control of thymidine-kinase minimal promoter and ®ve NF-kB binding sites. As shown in Figure 3b , while the NF-kB-dependent luciferase gene activity was identical in wild type and in vector alone-transfected MDA-MB-231 cells (MDA and Neo 2, Neo 3 respectively), this activity is signi®cantly increased in H19-transfected cells (H19 S14 3 and H19 S14 4). This NF-kB activation can be correlated with the up-regulation of Trx.
Given that the mechanism of action of H19 riboregulator is largely unknown, we wondered if this regulation of the Trx by H19 acted on the biogenesis of the Trx mRNA. To address this question we determined the Trx mRNA level in the various cell lines using semiquantitative RT ± PCR (Figure 3c ). The relative amount of Trx mRNA was expressed at the bottom of Figure 3c as a density ratio between Trx and b-actin ampli®ed bands. Because we clearly observed no variation of the steady state Trx mRNA levels in the H19-transfected cells, we conclude that the upregulation of the level of Trx in H19 overexpressing cells occurs after the biogenesis of its mRNA and thus is post-transcriptional.
The H19 transcript is an mRNA-like RNA transcribed by RNA polymerase II, capped, spliced and polyadenylated. However, given the evolutionary conservation of structure at the RNA level and the absence of conserved open reading frames, it is presumed that the functional product of the H19 gene is a structured RNA (Juan et al., 2000) that acts as a genetic regulator termed riboregulator (Brannan et al., 1990) . Both in the mouse and human, H19 gene is submitted to imprinting and is located within a cluster of genes, which are either paternally imprinted like p57 kip2 , H19 and K v lqt1 (Bartolomei et al., 1991; Lee et al., 1997; Matsuoka et al., 1996) or maternally imprinted like IGF-II and INS (DeChiara et al., 1991; Giddings et al., 1994) . Imprinting of H19 and imprinting of IGF-II, its close physical neighbour, are co-ordinated and until today, the research devoted to the function of the H19 transcript was essentially interested in its possible cis-implication in the establishment and/or maintenance of IGF-II imprinting. However, little is known about the trans-function of the H19 transcript. Indeed, Li et al. (1998) have documented that in a Wilms' tumour the cytoplasmic level of the H19 transcript is inversely correlated with the cytoplasmic level of IGF-II mRNA from one allele as well as its translatability from the other allele without being genetically linked. Except the IGF-II gene, which seems to be negatively regulated (Wilkin et al., 2000) , no other target genes of H19 have been identi®ed. Thus, in this report we provide evidence that H19 acts as a transriboregulator to positively regulate at the post-transcriptional level the thioredoxin, an unexpected target considering the knowledge about H19 gene. No other potential regulated protein has been detected, but it should be mentioned that all cellular proteins can not be visualized using 2 DE. For instance, proteins highly hydrophobic or with basic pI (more than 8.0) are not resolved in 2 DE gels and this would be especially the case of IGF-II whose theoretical pI is 9.4. Genes, having as a functional product a riboregulator non-coding RNA, have been identi®ed in bacteria, plants and mammals, and this growing family is collected in a database (Erdmann et al., 2000) (http://biobases.ibch.poznan.pl/ncRNA/). These non-coding RNAs are divided in four categories (Erdmann et al., 2001) , which are gene regulators, abiotic and biotic stress signal response RNA and other RNA. Until now, the H19 transcript has been classi®ed within the gene regulator category. In this report, we demonstrate that H19 regulates the thioredoxin, which is a key protein of the oxidative stress response caused not only by radiations but also by in¯ammatory cytokines. Thus, H19 transcript could be included in the abiotic and biotic stress response RNA categories providing a new overview of the H19 gene function. Moreover, published data indicate the possible involvement of Trx in the process of oncogenesis and it has been reported that this protein is expressed in tumours of several kinds (Fujii et al., 1991; Kawahara et al., 1996; Bini et al., 1997; Grogan et al., 2000; Ueno et al., 2000) . It is of particular interest to note that, like Trx, the H19 gene is overexpressed in breast cancers (Dugimont et al., 1995; Adriaenssens et al., 1998) .
In most cases, the function and/or the mechanism of action of these non-coding RNAs are not well understood. Some of these genes are included in an imprinted domain such as Xist, Tsix, IPW, KvDMR1 (Wevrick and Francke, 1997; Lee et al., 1999; Smilinich et al., 1999) and among them, some are transcribed as antisense mRNAs. Whereas the role of Xist/Tsix in chromosome X inactivation is well documented (Kelley and Kuroda, 2000) , all are supposed to be implicated , are up-regulated in H19-transfected cells (H19 S14 3, H19 S14 4). Cells were seeded in 100 mm dishes at 500 000 cells/dish and were starved for 24 h at 60% of con¯uence. Proteins were extracted into ice-cold buer (150 mM NaCl, 50 mM Tris-HCl pH 7.5, 1% Nonidet P-40 and protease inhibitors) and 100 mg of each protein sample were separated by SDS ± PAGE. After transfer onto nitrocellulose membranes, Western-blot analysis was performed using a polyclonal anti-thioredoxin antibody (1/1000 overnight at 48C, Sigma). The membrane was then incubated for 1 h with a Horseradish peroxidase-conjugated secondary antibody (Santa Cruz) and detection was performed by enhanced chemiluminescence (ECL) detection system (Pierce). (b) Thioredoxin could be active in H19-transfected cells (H19 S14 3, H19 S14 4) since the upregulation of the thioredoxin was correlated with an increase of NF-kB activity versus control cells (MDA, Neo 2 and Neo 3). NFkB transactivation was measured using a ®ve kB sites repeat coupled with a luciferase reporter gene in pTK transfection vector (NFkB luc). Cells were seeded in six-well plates at 150 000 cells/well. The next day, they were transfected for 6 h at 378C by LIPOFECTIN 1 Reagent in OPTI-MEM I (Life Technologies) mixed with NF-kB luc (1.5 mg/well). After 36 h in MEM containing 5% of fetal calf serum, cells were harvested and Luciferase activity was evaluated in a Lumat LB9501 luminometer (Berthold) using the Luciferase Assay Kit (Applied Biosystems). (c) Semiquantitative RT ± PCR: Thioredoxin mRNA was unchanged regardless of the cell line. Total RNA (5 mg) was treated for 1 h at 258C with ampli®cation grade Rnase free-Dnase I (Life Technologies) and was reverse transcribed with 60 pmol of random hexamers, 50 mM KCl, 10 mM Tris-HCl, 3 mM MgCl 2 , 0.5 mM dNTP, 20 U of Rnase inhibitor and with (+RT) or without (7RT) Murine Leukemia Virus Reverse Transcriptase for 45 min at 428C. One fortieth of the cDNA reactions was ampli®ed with 1 U of Ampli Taq Gold, 25 pmol of each primer, 2.5 mM MgCl 2 , 0.2 mM KCl and 10 mM TrisHCl (all PCR products were provided by Applied Biosystems). For Trx ampli®cation, the primers were those previously described (Ferret et al., 2000) . For b-actin ampli®cation, the primers used were: 5'-CACAGCAAGAGAGGCATCCT-3' and 5'-GTTGAAGGTCTCAAACATGA-3'. The PCR non-saturating conditions were assessed and were as follows: 7 min at 958C, then 35 cycles of 958C for 30 s, 568C for 30 s, 728C for 30 s and 7 min of ®nal extension at 728C. PCR products were run through a 2% agarose gel and visualized with ethidium bromide. The molecular weight (MW) marker used was the PUC19 DNA/MspI marker (MBI Fermentas). H 2 O represents the same PCR performed without cDNA. Values represent the ratio of the densitometry measures, obtained with the Diversity One program (Pharmacia), for thioredoxin and b-actin mRNA. s.d. corresponds to the standard deviation in imprinting processes. However, H19 is not an antisense mRNA and its participation in IGF-II imprinting has been ruled out (Jones et al., 1998) . In Prokaryotes and in the case of antisense RNA, the common feature is that these riboregulators are involved in the recognition of nucleic acid targets via complementary base pairing and this association is not always responsible for a negative regulation, but can also activate the translation by removing an inhibitory secondary structure (Lease et al., 1998) . This mechanism does not seem to be implicated in the H19 riboregulation, as we did not detect primary structure complementarity between the H19 transcript and Trx mRNA by dotplot (data not shown). In contrast to what has been claimed for many years, the H19 transcript is associated with polysomes in a variety of cells (Li et al., 1998) , and H19 could therefore increase Trx translation in favouring the association of Trx mRNA with polysomes. Recently, H19 has been shown to belong to a group of localized untranslated RNA (Runge et al., 2000) , we can also speculate that the H19 transcript in¯uences the translatability of Trx mRNA by controlling its subcytoplasmic localization.
Finally, the identi®cation of Trx as a target molecule for the H19 gene, moreover positively regulated, allows a better understanding of the function of this riboregulator.
